Electrospray thrusters consist of simple propulsion systems, which can be operated on microsatellites, and it is possible to reduce components of high pressure gas systems by using ionic liquid as the propellant. However, it is difficult to evaluate the ion beam profiles in experiments since the size of the emitter cones is micrometer order. Then, we conducted the Particlein-Cell simulation of the ion motions in the electrospray thruster and investigated numerically the ion beam extraction mechanisms in the steady and transient flow. The steady ion beam distributions were not affected by ion species and the existence of a jet. In addition, we evaluated the electrospray thrusters and derived the basic propulsion parameters, which showed the high performance as the propulsion systems. In the transient flow, the response of the ion beam was rapid when we assumed the applied voltage with or without a finite slew rate.
Introduction
The number of microsatellite operations has increased rapidly since 2012 due to the low cost of these satellites compared with large satellites. The microsatellites enable laboratories and universities to perform various tests, and small companies to use commercially in space. However, many microsatellites cannot have propulsion systems for the station keeping or orbit changing because the volume and weight are limited. Thus, small and light propulsion systems are necessary for the microsatellites. 1) We suggest electrospray thrusters using ionic liquid as the propellant for microsatellite propulsion systems. Figure 1 shows a schematic of the electrospray thruster. An emitter chip and an extractor grid are components of the electrospray thruster. Then, it is possible to mount the electrospray thruster on the microsatellites due to its small size. The size of the emitter cone is micrometer order, and that of the emitter chip is centimeter order. When the high voltage is applied between the emitter chip and the extractor grid, ions are extracted from the emitter tip and provide the thrust to the microsatellite. Since the mechanism of the electrospray thruster operation is simple, the number of components is reduced, and the reliability of the propulsion system can be improved.
Ionic liquid is suitable for using as the propellant in space because it is ionized at room temperature and consists of only ions without water. In addition, ionic liquid exists as a liquid phase in space due to its low vapor pressure and has high safety due to incombustibility in a wide temperature range.
2) By using 
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ionic liquid as the propellant, the high pressure gas system used in the conventional thruster is unnecessary, and the propulsion system of the microsatellites becomes the small volume and light weight. Therefore, it is expected that the electrospray thrusters using ionic liquid are utilized as the propulsion system of the microsatellites, and many researches of the electrospray thruster have been conducted. [3] [4] [5] We have fabricated the silicon emitter chip by MEMS (Micro Electro Mechanical Systems) processes and conducted the experiment of the electrospray thruster using EMI-BF4 (1-Ethyl-3-methylimidazolium Tetrafluoroborate) as the propellant. [6] [7] [8] However, it is difficult to evaluate the ion beam profiles of the electrospray thruster in the experiments because the size of the emitter cones is micrometer order. Therefore, our objective is to simulate numerically the ion motions which are extracted from the emitter tip and to investigate the ion beam extraction mechanisms. Our previous research is reported in Ref. 9).
Numerical Model

Configuration
We constructed the calculation model which has the same size and conditions as the experiments to compare with experimental results. In order to reduce the calculation cost, we employed two-dimensional cylindrical coordinates and focused on an emitter cone. Figure 2 shows the calculation model of the electrospray thruster. The area surrounded by dotted lines is considered in this simulation. The emitter shape is the circular cone which is 0.07 mm in the radius and height, and the thickness of the extractor grid is 0.02 mm. The calculation area is divided into 5 µm × 5 µm cells.
Propellant
We chose EMI-BF4 for the ionic liquid propellant. Table 1 shows the molar mass of ion particles considered in the simulation. It was reported that the extracted cations contained 85% monomers and 15% dimers, and the extracted anions contained 72% monomers and 28% dimers.
11) We adopted these rates of ions in the simulation.
It was assumed that ions were extracted from the emitter tip at 1 µA. The number of ions extracted from the emitter tip per second N  is described as
In addition, it was assumed that ions had the random initial velocities which satisfied the Maxwellian velocity distribution described as
We assumed that the temperature of the ionic liquid at the emitter tip was 2.6 eV.
Applied voltage
In order to investigate the steady and transient flow, we assumed two types of voltage applied to the emitter chip: fixed voltage and the bipolar pulse, ±4 kV. It was also assumed that the applied voltage was the step function. The extractor grid was grounded.
Particle-in-Cell simulation
We conducted the Particle-in-Cell simulation to calculate the ion motions. Figure 4 shows the flow chart of the Particle-inCell simulation. Firstly, we solve the equation of motion with the electric field described below to obtain the new positions of ions,
Secondly, we derive the new charge density from the positions of ions. Finally, we solve the Poisson's equation described as 
Eq. (5) can be rewritten in two-dimensional cylindrical coordinates as
We solve Eq. (6) and obtain the new potential. In order to speed up the calculation, we employed successive over-relaxation (SOR) simulation. 12) Then, the new electric field is derived by solving
We simulate this loop iteratively and obtain the ion beam profiles. Ions are emitted at the emitter tip every cycle before the calculation of the charge density, and the time step t was set to 0.1 ns. The details of the Particle-in-Cell simulation is described in the Ref. 13 ). Then, we conducted a symmetric spline weighting to eliminate axisymmetric errors of the charge density on the central axis. 14) In addition, we correct the charge density by using a digital smoothing algorithm to decrease the scattering of the distribution.
15)
Evaluations of thruster performance
In order to evaluate the electrospray thruster performance, we calculate three basic parameters of the electric propulsion system: thrust, specific impulse, and exhaust velocity. In the evaluations, the values of ions when just passed through the extractor grid were used since it was regarded that the ions in the downstream from the extractor grid were out of the propulsion system. Firstly, the thrust F is calculated as the summation of the ion momentum mv divided by the time step t:
Secondly, the exhaust velocity ve is calculated as the average axial direction velocity vz:
where N is the number of ions which passed though the extractor grid. Finally, the specific impulse Isp is calculated briefly as the exhaust velocity ve divided by the gravitational acceleration g:
Although these calculations are just simple estimates, we can numerically evaluate the electrospray thruster.
State of ionic liquid near emitter tip
It was reported that the ionic liquid column called "Jet" might be formed at the emitter tip when the ions are extracted. [16] [17] Figure 5 shows the schematic of the ionic liquid near the emitter tip with the jet. Ionic liquid near the emitter tip is Potential distribution due to space charge of cationic monomers (only monomers). 
Cone Spray
Jet divided into three states: cone, jet, and spray. In the state of the cone, ionic liquid has a conical shape along the emitter cone in the liquid phase. In the state of the jet, ionic liquid is extracted by the strong electric field as the liquid phase and has a column shape. In the state of the spray, ionic liquid exists as the particles, such as monomers, dimers, or droplets. If the jet is formed, the radial potential divergence is increased near the emitter tip since the jet has the high voltage which is same value as the emitter chip. Then, it is expected that ions extracted at the emitter tip are more accelerated with the jet. In addition, the semi-angle of the ion beam is increased, and the loss of ions is increased by the contact to the extractor grid.
Here, we conducted both the simulation with and without jet and compared the results. It was assumed that the jet existed only on the central axis and the potential of the jet was the same value as the emitter chip. We also assumed that ions were extracted from the jet tip and the length of the jet was 0.1 mm.
Slew rate
In section 2.3, we assumed that the applied voltage was the step function. However, the voltage applied to the emitter chip actually has the finite slew rate (<1200 V/µs) in experiments. Here, in order to make simulations close to the actual conditions, we simulated the ion beam when the voltage rises from 0 to +4 kV without and with the slew rate. It was assumed that the voltage without the slew rate was the ideal step function, and that with the slew rate is the ramp function. Then, we assumed that the ions were extracted at the emitter tip when the voltage of +3.3 kV or more applied to the emitter chip, which is the average value measured in experiments.
6,7)
Results and Discussion
3.1.
Steady flow 3.1.1. Static potential Figure 6 shows the static potential distribution by the emitter chip at +4 kV and the grounded extractor grid without ions in the calculation area. It is expected that ions which are extracted from the emitter tip are accelerated by the potential gradient from +4 to 0 kV between the emitter chip and the extractor grid. In addition, the ions with the high velocity are expected to pass through the extractor grid. Since the radial potential gradient exists near the emitter cone, it has prospects for ions to accelerate in the radial direction slightly.
Cationic monomer beam distributions
Figures 7 and 8 show the time-averaged cationic monomer density and energy distributions when the cationic monomer beam is extracted from the emitter tip applied at +4 kV.
The maximum value of the cationic monomer density is about 10 19 m −3 near the emitter tip, while the minimum value of that is about 10 7 m −3 at the edge of the cationic monomer beam. Here, the difference of the cationic monomer density between the center and the edge of the cationic monomer beam is about 10 5 m −3 . The cationic monomer energy increased gradually as the ions move from the emitter tip to the downstream, and the ions that passed through the extractor grid have about +4 kV.
The semi-angle of the cationic monomer beam is estimated at 10° when it is assumed that the temperature of the emitter tip is 2.6 eV, and the edge of the cationic monomer beam contacts the extractor grid. This estimated semi-angle of the cationic monomer beam is small compared with previous value measured in experiments.
11) However, the cationic monomer beam divergence was changed when we assumed the different temperature of ionic liquid at the emitter tip. Therefore, it is necessary to consider the motion of ions at the emitter tip to decide the initial velocity distribution and the emitter current. Cation energy (V)
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Anionic monomer beam distributions
Figures 9 and 10 show the time-averaged anionic monomer density and energy distributions when the anionic monomers are extracted from the emitter tip applied at −4 kV. The anionic monomer density and energy distributions are same as the results of the cationic monomers. Therefore, the same ion beam profiles are obtained regardless of whether the charge of ions is positive or negative. Figure 11 shows the potential due to space charge of the cationic monomers. The potential between the emitter chip and the extractor grid is about 0.1-1 V, while it is less than about 0.1 V in the downstream. Since the potential of space charge is less than about 1 V in the entire calculation area, the static potential is much higher than the potential due to the space charge of cationic monomers and dominant in determining to the ion motions. Table 2 shows the time-averaged propulsion performance of the cationic and anionic monomer beam: the thrust F, the specific impulse Isp, and the exhaust velocity ve. We obtained that the thrust was about 90 nN, the specific impulse was about 9000 s, and the exhaust velocity was about 90 km/s. Actually, the hundreds of the emitter cones are arrayed on the emitter chip, and we will obtain the thrust of hundreds µN which is necessary for microsatellites to keep the station or change the orbit. In addition, if the number density of the emitter cones is more increased, the larger thrust can be obtained. We have been fabricating emitter chips whose emitter cone scale is about 1 µm with the team in National Institute of Advanced Industrial Science and Technology. 18) Furthermore, the electrospray thruster has the possibility to realize the high specific impulse and exhaust velocity.
Potential due to space charge of ions
Performance of electrospray thruster
Ion beam containing monomers and dimers
We simulated the cation beam containing both of cationic monomers and dimers when the emitter chip is applied at +4 kV.
Then, we separated only the results of the cationic dimers, and Figs. 12 and 13 show the time-averaged cationic dimer density and energy distributions. Both of cationic dimer density and energy distributions are the same as the results of only cationic monomers. Thus, the ion beam profiles are not affected by ion species.
However, the emissions of the droplets are measured in the experiments in addition to monomers and dimers. 19) Then, the ion beam profiles containing the droplets may be different from the results of monomers and dimers since the droplets have larger mass. We are going to simulate the ion beam containing the droplets in the future.
We also simulated the anion beam containing both of monomers and dimers when the emitter chip is applied at −4 kV, and obtained the same distributions as the cationic dimer beam. Here, the figures of anionic dimer beam are omitted for the limit of space. Tables 3 and 4 show the time-averaged propulsion performance of the cation and anion beam respectively: the thrust, the specific impulse, and the exhaust velocity. We obtained that the total thrust is about 100 nN, the total specific impulse is about 7000 s, and the total exhaust velocity is about 70 km/s in cation and anion modes. The thrust was increased while the specific impulse and the exhaust velocity were decreased when it contains both of monomers and dimers. Thus, the performance of ion beam depends on the rate of monomers and dimers even if the emitter current is the same value.
When we need the high thrust for the station keeping or orbit changing, the mode containing more dimers is appropriate. On the other hand, when we need the high specific impulse for in cruising and no limit of time, the mode containing less dimers is appropriate. Therefore, we can drive the electrospray thruster properly if it is possible to change the mode according to the situation. Figure 14 shows the static potential distribution when the existence of the jet was assumed. Compared with Fig. 6 , no significant change is seen in the static potential distribution, while the potential near the jet slightly increased. Hence, it is expected that ions which are extracted from the jet tip are more accelerated in the radial direction than without the jet. Figures 15 and 16 show the time-averaged cationic monomer density and energy distributions with the jet. Then, we assumed that ions contained only monomers. Since it was assumed that ions are extracted from the jet tip, the starting point of the cationic monomer beam is only the length of the jet away from the emitter tip. Compared with Figs. 7 and 8, no significant change is seen in the cationic monomer density and energy distributions with the jet, and the cationic monomer beam is just advanced by the length of the jet. The semi-angle of the cationic monomer beam was not almost changed while the cationic monomers did not contact the extractor grid. In addition, we obtained the same results in the anionic monomers when the emitter chip is applied at −4 kV with the jet. Therefore, the existence of the jet does not almost affect the ion beam distribution.
Ion beam with jet
However, the jet model may be insufficient since it was assumed that the jet only existed along the central axis and did not have finite thickness in the calculation model. In the future, we will employ the jet which has the finite thickness.
Transient flow 3.2.1. Switching of applied voltage by step function
We also simulated the ions extracted from the emitter tip applied the bipolar pulse of ±4 kV in order to investigate the transient flow. It was assumed that the applied voltage to the emitter chip was the step function and the ions contain only monomers for simplicity. Figure 17 shows the temporal variations of the applied voltage and the ion beam current. The ion beam current responded quickly to the switching of the voltage applied to the emitter chip from +4 kV to −4 kV. The time taken for the ion beam current to reach the steady state was about 50 ns after the applied voltage was switched, and the good tracking performance of the ion beam current was shown. Figure 18 shows the temporal variation of the thrust. While the thrust dropped for a moment when the applied voltage was switched, the thrust returned the steady state immediately. Therefore, it is possible to obtain the thrust almost constantly by using the electrospray thruster.
Initial rise of ion beam with slew rate
In order to compare with the results when the applied voltage was the step function described in section 3.2.1, it was assumed that ions contained only monomers. It was also assumed that the value of the slew rate was 1200 V/µs, which can be realized in experiments. Figure 19 shows the temporal variations of the applied voltage and the ion beam current, and Fig. 20 shows that of the thrust with the slew rate. It is noted that an orange vertical line meant the threshold voltage of +3.3 kV at which the ion beam extraction began. After the applied voltage reached the threshold, the ion beam current and the thrust began to increase linearly and became the steady state. The response delay as seen without the slew rate did not observed, and the response speed is less than nanosecond order.
Conclusion
We conducted the Particle-in-Cell simulation of the electrospray thruster using ionic liquid as the propellant and obtained the ion beam extraction mechanism in the steady and The steady ion density and energy distributions were derived in the simulation, in addition to the potential distributions. These distributions did not depend on whether ions contained only monomers or both of monomers and dimers. However, the larger ions or the droplets observed in previous experiments may affect the ion beam distributions and the performance. Then, we will consider these particles to the calculation in addition to the monomers and dimers.
Moreover, we evaluated the propulsion performance of the electrospray thruster: the thrust, the specific impulse, and the exhaust velocity. Although the thrust per emitter was small, it could be improved by increasing the number density of emitter cones. In addition, the high specific impulse and exhaust velocity was obtained, which means the high performance of the electrospray thrusters.
The potential distribution with the jet was slightly changed in the vicinity of the emitter tip. On the other hand, the ion beam distributions with the jet was same as compared without the jet, and the semi-angle of the ion beam was not changed. However, since the insufficient of the electrospray thruster model was considered, additional analyses are necessary.
The responses of the ion beam current and the thrust were excellent against the switching voltage from +4 to −4 kV. When the applied voltage with the finite slew rate was assumed, the better responsibility was obtained.
In the future, we will conduct the ion motions at the emitter tip in order to determine the initial velocity distribution and the emitter current. In addition, we will integral the simulation of the ionic liquid flow on the emitter surface and the ion beam extraction.
